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D rug efflux transporters of the adenosine triphosphate (atp)-binding cassette-containing proteins have a major role in the transport of clinically relevant drugs. abCb1/ p-glycoprotein (p-gp)/Mdr1, one of the most important efflux transporters, is present in the apical membranes of endothelial/ epithelial cells of the tissues with barrier function, the bloodbrain barrier (bbb) among them. abCb1 substrates are translocated from the basolateral to the apical side of the cells (for review, see schinkel and Jonker 1 ). abCb1 prevents brain penetration of substrate drugs, and abCb1 inhibition may lead to increased brain exposure and Cns toxicity. therefore, testing for abCb1-mediated drug interaction is important to assess the toxicity potential of coadministered drugs.
digoxin is the prototypic abCb1 probe substrate recommended by the regulatory agencies. 2, 3 however, a consensus has not been reached on this issue. 4 Quinidine is also considered an abCb1-specific probe. 4 several studies suggest that the entry of quinidine into the brain is restricted 5 and controlled by abCb1 expressed in the bbb. [6] [7] [8] Yet, even in recent reviews, quinidine is classified as an abCb1 inhibitor. 2, 9 the aim of the present study was to provide further evidence that quinidine can be used as a probe substrate for abCb1 at the bbb employing a battery of test systems, including membrane assays, cell-based assays, and dual-/ triple-probe microdialysis assays in anesthetized and awake rats. We propose using quinidine and psC-833 (valspodar), a clinically relevant abCb1 inhibitor, 10, 11 as a probe substrate/reference inhibitor combination to assess investigational drugs for their interactions on abCb1 in the in vitro and in vivo bbb models.
MAterIALS And MethodS

Chemicals and supplies for in vitro and in vivo assays
Quinidine, fetal calf serum (fCs), Cpt-caMp, hydrocortisone, collagen type iV, fibronectin, heparin, insulin-transferrin-sodium selenite media supplement, and puromycin were purchased from sigma (sigma-hungary Kft, budapest, hungary). ro-201724 was purchased from roche (roche hungary Kft, budaörs, hungary). Quinidine (9-3 h) was purchased from american radiolabeled Chemicals (st. louis, Mo). psC-833 and the Mdr1 predeasY atpase assay kit were supplied by solvo biotechnology (szeged, hungary). lY-335979 was synthesized as described earlier. 12 for monolayer assays, the Millicell 24 device from Millipore (Millipore Kft, budapest, hungary), dulbecco's modified eagle's medium (dMeM)/f12 from invitrogen (Csertex Kft, budapest, hungary), bfgf from roche (roche hungary Kft), plasma-derived serum (pds) from first link (birmingham, uK), and transwell filters from Costar Corning (Zenon bio Kft, szeged, hungary) were applied. Microdialysis probes, tubing adapters, and guide cannulae (CMa, solna, sweden) were obtained from atmos hörka Kft (budapest, hungary). fep and peeK tubings and sample vials were obtained from Microbiotech (stockholm, sweden).
In vitro assays
ATPase assay. the Mdr1 predeasY atpase assay kit (solvo biotechnology) was used. the assay was performed as suggested by the manufacturer with the following modifications: in activation experiments, quinidine or digoxin was applied at increasing concentrations (0.2-800 µM and 0.37-800 µM, respectively). in inhibition experiments, quinidine or digoxin was used as an activator instead of verapamil at a concentration of 50 µM and 300 µM, respectively.
Data analysis of ATPase experiments. experimental data were analyzed by the use of prism 4.0 (graphpad software, san diego, Ca). to determine eC 50 values, a sigmoid doseresponse curve was fitted onto the vanadate-sensitive atpaseactivity versus concentration plot by nonlinear regression:
where Y is the vanadate-sensitive atpase activity, bottom is the minimal activation observed, top is the maximal activation observed, c is the concentration of the test drug, and log eC 50 is the concentration value when the response is halfway between bottom and top.
MDCKII monolayer assay. transport assays across MdCKii-Wt and MdCKii-Mdr1 cells were performed as described. 13 Cells were seeded on Millicell 24 (Millipore Kft) plates according to the manufacturer's instructions. Quinidine (10 µM) or digoxin (5 µM) was added to the donor compartment. the abCb1 inhibitors, lY-335979 and psC-833 (5, 1, 0.2 µM), were either absent or present in both the basolateral and apical compartments. in experiments with digoxin as a probe, lY-335979 and psC-833 were applied in concentrations of 1 and 5 µM, respectively. in the digoxin MdCKii-Mdr1 monolayer assay, the inhibitory potential of quinidine was also tested at various concentrations (3, 10, 30, 100 µM). samples were taken from the receptor part after 60 min of incubation in the experiments with quinidine and 120 min in the experiments with digoxin.
Analytical determination of quinidine. Quinidine was measured by high-performance liquid chromatography (hplC) with fluorescence detection. the hplC system was a Merck-hitachi laChrom system, (hitachi high-technologies Corporation, tokyo, Japan) consisting of a d 7000 interface, l 7100 pump, l 7200 autosampler, and l 2480 fluorescence detector. separation of quinidine was achieved using a C18-rp column (phenomenex [torrance, Ca] luna C18, 5 µ, 100 Å, 150 × 2 mm rp) with an isocratic elution profile, consisting of 68% water (0.05% v/v h 2 so 4 , 0.01 mol/l sodium octane-1-sulfonate monohydrate) and 32% acetonitrile with an excitation wavelength of 248 nm and an emission wavelength of 460 nm, with a flow rate of 0.4 ml/min. then, 10-µl aliquots of samples were injected into the hplC module. from the raw data of blood and brain dialysates, concentration-time profiles were generated with Microsoft excel and with MicroCal origin, including determination of area under the curves (auCs).
Rat brain primary endothelial cell (RBEC) monolayer assay. rat brain endothelial cells were isolated from 2-week-old rats, as described previously. 14, 15 pericytes were obtained from cerebral microvessels plated onto noncoated dishes. glial cultures were prepared from newborn rats and cultured on poly-l-lysinecoated surfaces.
Construction of the triple co-culture system. rat brain pericytes were plated onto the backside of 12-well transwell filters (pore size: 0.4 µm; 1.5 × 10 4 cells/filter). the next day, endothelial cells were plated onto the upper surface of the filters. after reaching confluency, the endothelial monolayer was supplied with 550 nM hydrocortisone, 250 µM Cpt-caMp, and 17.5 µM ro-201724 and placed into dishes containing glial cultures for 24 h.
Permeability measurements. transwell filters containing endothelial cells and pericytes were removed from the plates containing the glial culture. filters were washed with ringer-hepes solution (ph 7.4). Quinidine or digoxin was applied at final concentrations of 0.1 µM and 10 µM, respectively. radiolabeled quinidine and digoxin as tracers were also added to the radioactive concentration of 1 µCi/ml. the inhibitors were added together with the test compound at final concentrations of 1 µM (lY-335979 and psC-833) or 100 µM (quinidine). samples were taken from the basolateral or apical side, respectively, at 15, 30, and 60 min, and radioactivity was measured using a liquid scintillation counter (Microbeta; perkinelmer, Waltham, Ma).
Data analysis of monolayer efflux experiments. permeability coefficients and efflux ratios were calculated using the following formulas:
where dQ is the transported amount, dt is the incubation time, a is the surface of filter, and C 0 is the initial concentration.
In vivo assays
Animals, surgical procedures, and administration of drugs. Male Wistar rats (toxiCoop, budapest, hungary) weighing 280 to 360 g were used throughout this study and had free access to food and water. CMa/20 peripheral probes were implanted in the jugular vein, and the rats were placed in a stereotaxic frame for implantation of CMa/l2 brain probes in the frontal cortex (fC) and for performing the microdialysis experiments under chloral hydrate anesthesia (400 mg/kg, intraperitoneal). the stereotaxic coordinates 16 for fC with respect to the bregma were ap = +3.0 mm, Ml = 1.5, and dV = -4.5. in retrodialysis experiments, a second brain probe was implanted in the same structure of the opposite side of the brain for perfusing vehicle through the probe. anesthesia during the surgical procedures or the microdialysis experiments was maintained by further injections of chloral hydrate as needed. in experiments on anesthetized rats, quinidine and the abCb1 inhibitors and vehicle for the inhibitors were administered intravenously via a catheter implanted in the femoral vein. in retrodialysis experiments with quinidine, a CMa/12 probe in the left fC was perfused with 10 mM psC-833 in 15% cremophor el and 3% ethanol containing cerebrospinal fluid (Csf). the contralateral brain probe was perfused with vehicle for psC-833. in experiments with freely moving animals, a guide cannula was implanted above the targeted brain region 4 to 7 days prior to the experiment. in these experiments, the rats were treated with quinidine and with the inhibitors per orally (po). all animal experiments were performed in full compliance with the guidelines of the association for assessment and accreditation of laboratory animal Care international's expectations for animal use, per the spirit of the licence issued by the directorate for the safety of the food Chain and animal health, budapest and pest County agricultural administrative authority, hungary.
Microdialysis procedures and determination of quinidine in dialysate samples. animals were sampled 90 to 120 min before and 210 to 240 min after intravenous (iV) or po dosing. the peripheral and brain probes were perfused with peripheral perfusion fluid (ppf) or artificial Csf at a flow rate of 1.0 µl/min using a CMa 102 microdialysis pump. samples were collected in polyethylene microtubes and placed on dry ice at the end of each collection period. after completing an experiment, the blood and brain dialysates were transferred to a deep freezer and kept at -70º C. dialysate samples were later transferred to a bioanalytical laboratory and analyzed for concentrations of quinidine by hplC with fluorescence detection as described above.
Data analysis of in vivo experiments. analysis of variance (anoVa) was performed on auCs, C max values, and individual brain-to-blood ratios for testing possible treatment-group differences within the blood and brain dialysate samples followed by duncan's post hoc test. a paired-sample t test was used for comparing blood and brain means of auCs and C max values in the three treatment groups.
reSuLtS
Interaction of quinidine with ABCB1-in vitro assays
effects of quinidine on the function of abCb1 were tested in a membrane assay, in an MdCKii-Mdr1 monolayer, and in a rat brain capillary endothelial cell (rbeC) monolayer assay. in membranes prepared from insect cells overexpressing human abCb1, quinidine increased the vanadate-sensitive atpase activity ( Fig. 1A) , suggesting that the drug is a likely substrate for abCb1. digoxin, the preferred probe for abCb1-based drug-drug interaction studies, was also characterized in our in vitro assay systems. it has exhibited lower potency and efficacy in stimulating the vanadate-sensitive atpase than quinidine (Fig. 1c,d) . the respective eC 50 values were 7.8 and 68.5 µM.
to show that this interaction affects penetration of quinidine through monolayers used as bbb models, the permeability of quinidine was tested in MdCKii-Mdr1 and rbeC cells. in the MdCKii monolayer expressing human abCb1, an efflux ratio of ~8 was observed ( Fig. 1B) , whereas in monolayers prepared from wild-type MdCKii cells, the permeability of quinidine in the basal-to-apical direction was somewhat lower than the permeability in the opposite direction ( Fig. 1B) . an efflux ratio of 11.6 was found for digoxin in MdCKii-Mdr1 cells (Fig. 1e) . interestingly, though, an efflux ratio of 3.5 was observed for digoxin in wt MdCKii cells (Fig. 1e) . this is likely due to the effect of the endogenous canine abCb1 expression in this cell line.
in an rbeC monolayer, a 1.5-to 2.0-fold efflux ratio was found in quinidine transcellular transport depending on the length of the incubation time (Fig. 1c) . an efflux ratio of 1.6 was observed for digoxin at 15 min that decreased at later time points (Fig. 1F) . these data indicate a role for abCb1 in the vectorial transport of quinidine through monolayers. it is also clear that quinidin outperforms digoxin in the assays used.
psC-833 and lY-335979 antagonized the stimulatory effect of quinidine (50 µM) on vanadate-sensitive atpase activity with iC 50 values of 46.2 nM and 6.84 nM, respectively, in membranes prepared from human abCb1 overexpressing insect cells ( Fig. 2A) . neither psC-833 nor lY-335979 had any effect on the vanadate-sensitive atpase activity of the membranes prepared from control insect cell membranes (data not shown). stimulation of vanadate-sensitive atpase activity by digoxin (300 µM) was also effectively inhibited by psC-833 and lY-335979 with iC 50 values of 12.6 nM and 3.16 nM, respectively ( Fig. 2d) . Quinidine was less efficacious at inhibition of digoxin-stimulated abCb1 atpase ( Fig. 2d) .
in MdCKii-Mdr1 monolayers, lY-335979 and psC-833 also inhibited the vectorial transport of quinidine in a concentrationdependent manner (Fig. 2B) . lY-335979 was somewhat more potent than psC-833 in MdCKii-Mdr1 cells. in the rbeC monolayer assay, however, the two abCb1 inhibitors were inhibiting the vectorial transport of quinidine with similar potency (Fig. 2c) . the inhibitors reduced the efflux ratio of digoxin as potently as observed for quinidine ( Fig. 2e,F) . Quinidine also inhibited vectorial transport of digoxin in a dose-dependent manner ( Fig. 2e) .
Interaction of quinidine with ABCB1-in vivo methods
in rat brain microdialysis, concentration-time profiles of quinidine in dialysate samples and the pharmacokinetic parameters are shown in Figure 3 and table 1 (dose of quinidine was 5 mg/kg, iV). the unbound quinidine in blood dialysate samples reached peak concentration (C max ) at 1 h posttreatment in each group of anesthetized rats (Fig. 3) . the concentrationtime profiles of quinidine from brain dialysates are somewhat different from those of blood dialysate samples. in the psC-833treated group (4 mg/kg iV, in two divided doses), the C max was reached at 2 h posttreatment time. there was an approximately threefold statistically significant difference between the quinidine auC and the C max values of the brain and blood dialysate samples (ratio of auC brain /auC blood : 0.32) in the absolute control group (Fig. 3A, table 1 ) and in the pag vehicle group (Fig. 3B, table 1) . the brain/blood ratio of auC values was similar when quinidine was applied at a dose of 10 mg/kg in two pilot experiments (data not shown). in the psC-833-treated group (Fig. 3c, table 1) , however, the auC and C max means in the brain and blood dialysates were very close. this indicates that the inhibition of abCb1 by psC-833 increases the brain exposure to quinidine (table 1).
the auC and the C max values determined from brain and blood dialysate samples of the treatment groups were analyzed by anoVa and duncan's test. there were no statistical differences among the auCs from brain dialysates of the absolute controls and pag vehicle controls. in contrast, the auC of the psC-833-treated group significantly differed from the two control groups (F = 6.50, p < 0.01 and p < 0.05). similarly, in blood dialysate samples, no differences in auCs between the absolute controls and pag vehicle controls were found. the decrease in the auC of quinidine in the psC-833-treated group relative to the control groups was not statistically significant. C max values showed a similar trend, except that the decrease of C max was significant (table 1) . the brain-to-blood ratios of quinidine levels in individual animals were also analyzed using anoVa and duncan's test. the auC brain /auC blood ratio in the psC-833-treated group was significantly higher than in the control (F = 6.51, p < 0.01) or pag vehicle group (p < 0.05). this shows that effluxing of quinidine to the blood by abCb1 is decreased in the presence of psC-833. statistical analysis of the ratios of C max values gave a similar tendency (table 1). in pilot experiments, the effects of lY-335979 (20 mg/kg iV, in two divided doses) on the brain penetration of quinidine was determined at two different doses of quinidine (5 and 10 mg/kg) using the same treatment schedule as for psC-833. brain-to-blood ratios of auCs and C max values were significantly increased by lY-335979 at both doses of quinidine (data not shown).
to test the dose dependency of the effect of psC-833 on quinidine brain penetration in anesthetized rats, the inhibitor also was applied at a lower dose (2 × 1 mg/kg; Fig. 4 ). data analysis (anoVa followed by duncan's test) showed that psC-833 did not increase significantly the brain-to-blood ratios of unbound quinidine at this dose; the effect was significantly weaker than at the higher inhibitor dose (p < 0.05).
in a pilot experiment, quinidine brain exposure and the interaction of quinidine with psC-833 at the bbb were studied by the same dual-probe microdialysis technique in freely moving rats placed into a movement-responsive animal system. a control animal received pag vehicle treatment 20 min before quinidine administration (50 mg/kg, po). another animal received psC-833 (25 mg/kg, po) prior to coadministrating psC-833 and quinidine (25 and 50 mg/kg, po). the brain-toblood ratios of unbound quinidine levels were 0.32 and 1.01 in the control and the psC833-treated animals, respectively.
to further investigate the p-gp inhibitor-substrate interactions at the bbb, psC-833 was locally applied via retrodialysis to anesthetized and freely moving rats. in an anesthetized rat, psC-833 (10 mM) was perfused via the microdialysis probe in the left frontal cortex (fC), starting 60 min before systemic administration of quinidine (5 mg/kg, iV). the extracellular fluid (eCf) levels of quinidine in the left fC were much higher ( Fig.  5 ) than in the right fC, indicating that p-gp was inhibited at the bbb in the psC-833-perfused side. a similar difference was Values are expressed as mean ± seM (n = 5). statistical analysis was performed by analysis of variance followed by duncan's multiple-comparison tests. for experimental details, see legend to Figure 3 . *,** statistically significant differences between control versus psC-treated groups at a level of p < 0.05 and p < 0.01, respectively. +,++ statistically significant differences between pag vehicle-treated versus psC-treated groups at a level of p < 0.05 and p < 0.01, respectively. found in the quinidine brain exposure between the psC-833perfused and untreated fC of a freely moving animal (data not shown).
dIScuSSIon abCb1 is the most important bbb efflux transporter that protects the brain from xenobiotics. the investigation of barrier function requires a variety of methods preferably using the same probes and inhibitors. even though digoxin is the leading abCb1 probe candidate, it has several disadvantages, such as low ld 50 values in rodents. its toxicity and difficulties of detection in dialysate samples hinder its application in microdialysis experiments. to date, no data on digoxin from intracerebral microdialysis experiments have been published. in pilot studies, we applied digoxin iV at doses of 0.5 and 1.0 mg/kg without detectable levels of digoxin in the dialysate samples (data not shown). therefore, we chose quinidine as a potential universal probe for the various in vitro and in vivo bbb assay systems.
in vitro elements (atpase and MdCKii-Mdr1 monolayer assays) of the integrated panel in this study are among the most widely employed in vitro abCb1 assays. [17] [18] [19] a monolayer assay using primary rbeCs co-cultured with astrocytes and pericytes 14, 15, 20, 21 completed the in vitro assay panel. for in vivo assays, dual-probe microdialysis and brain retrodialysis techniques in combination with peripheral sampling with microdialysis probes were used. Microdialysis sampling with simultaneous measurements of unbound concentrations of compounds in the blood and brain eCf over time allows a kinetic analysis of transport processes across the bbb. 22 to provide abCb1 specificity, abCb1-overexpressing membranes and cell lines, as well as control expression systems, were used in the atpase and MdCKii assays. in the case of rbeC and in vivo systems, transporter specificity was ensured by employing abCb1-specific inhibitors psC-833 10, 11, 23, 24 and lY-335979. 8, 24, 25 despite published data that brain penetration of quinidine is controlled by abCb1 [6] [7] [8] and that it has been used as a substrate for abCb1 in vitro, 26 quinidine is still referred to as an inhibitor. 2, 9 our assay panel clearly confirmed that quinidine is an abCb1 substrate with reasonable potency (eC 50 = 7.80 µM; Fig. 1A ). in this study, quinidine proved to be a more robust probe than digoxin ( Figs. 1 and 2) .
nevertheless, quinidine is also considered a candidate probe along with digoxin, fexofenadine, and talinolol. 4 however, unlike other candidates, quinidine is metabolized. in the assays in the bbb panel, this does not seem to matter as clear abCb1dependent transport was established in cellular and in the in vivo assays. the quinidine/psC-833 combination worked well both in traditional microdialysis and retrodialysis arrangements. in the absence of abCb1 inhibitors, the auC brain /auC blood value was around 0.3 ( Figs. 3 and 5; table 1 ). upon addition of the inhibitor, the auC brain /auC blood ratios were close to 1, which is what is expected from a compound with an intermediate passive permeability ( Figs. 3 and 5; table 1) . the effect of psC-833 on brain penetration of quinidine was dose dependent (Fig. 4) . administration of the vehicle for psC-833 containing peg-300 caused a slight increase in the brain penetration of quinidine ( Fig. 3B) . this is in line with earlier findings indicating that peg-300 interferes with the activity of abCb1 27 similarly to some other excipients. 28 in sum, quinidine is a good probe to study abCb1 function at the bbb as it works well in membrane-based, cellular, and in vivo studies. it meets the criteria of specificity, sensitivity, and technical feasibility. 4 Moreover, quinidine/psC-833 is an abCb1-specific substrate/inhibitor combination applicable to many assay systems both in vitro and in vivo. 
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